Introduction {#sec1}
============

Retinal neurodegeneration, the main pathogenic mechanism involved in multiple eye diseases that are the most frequent causes of incurable low vision and blindness worldwide, includes retinal deterioration resulting from different causes that leads to progressive degeneration and cellular death. This neuronal death usually is accompanied by a glial cell response that replaces the visual neurons. Retinal photoreceptor degeneration occurs frequently in several neurodegenerative retinal diseases, e.g., age-related macular degeneration, diabetic retinopathies, retinitis pigmentosa, and genetic retinal diseases related to the photoreceptors.[@bib1] Reportedly, 240 million patients have photoreceptor-related degeneration worldwide.[@bib2]

Despite the impact on daily life and the social and economic consequences, there is no cure for most retinal diseases in which photoreceptor atrophy and death are the main causes of impaired vision. Advanced therapies may be treatment options, of which cell-based therapy may be one of the most viable alternatives. Current research in stem cell therapy for retinal neurodegeneration is based on two main therapeutic approaches: replacement of damaged cells and neuroprotection via the paracrine stem cell properties.[@bib1]^,^[@bib3]^,^[@bib4] Cell-based therapy via the paracrine neuroprotective effects may be the most promising alternative. Although it has been reported that stem cell-derived photoreceptors may integrate and/or transfer material to the retinal cells,[@bib5], [@bib6], [@bib7] other studies have suggested that the retina does not provide a permissive environment in which stem cells can migrate, integrate, and function.[@bib6]^,^[@bib8]^,^[@bib9] However, several proteins secreted by stem cells are associated with a slowdown of the retina neurodegenerative process.[@bib1]^,^[@bib10]^,^[@bib11] Thus, advanced investigations to determine the composition of the stem cell neuroprotective secretome are crucial and will be the basis for future production of cell-free "secretome cocktails" with effective neuroprotective capacity over retinal degenerative diseases.

The cells that are studied most in cell-based therapy are mesenchymal stem cells (MSCs) because they are rapidly expandable, easily isolated, and are not associated with ethical issues.[@bib12]^,^[@bib13] MSCs also are hypoimmunogenic or immunoprivileged because the major histocompatibility complex of class II (MHC-II) or the co-stimulatory molecules (CD40, CD80, and CD86) involved in transplant rejection are not expressed on their surface.[@bib14] However, some studies have suggested that cell-mediated and humoral immune responses to MHC mismatched with MSCs occur and the authors thereby defined the MSCs as immune evasive.[@bib15]^,^[@bib16] Therefore, allogeneic transplantation of these cells has attractive advantages because they do not require host immunosuppression.[@bib14]

In our previous studies, we have reported that the intravitreal injection of human MSCs is safe, well tolerated, and bio-available in the vitreous cavity from 2 to 6 weeks.[@bib17] This study was requested by the Spanish Agency for Drugs and Medical Devices before the authorization to use MSCs in a phase I/II clinical trial to evaluate the safety of intravitreal injection of human MSCs in patients with non-arteritic acute ischemic optic neuropathy (ClinicalTrials.gov: [NCT03173638](NCT03173638){#intref0010}). Also, we have established that human MSCs improve the survival and maintenance of retinal ganglion cells (RGCs) via the paracrine neuroprotective potential of the MSCs.[@bib11] Our hypothesis is based on the idea that the paracrine effect of the human bone marrow MSCs also may produce a slow photoreceptor neurodegeneration. Thus, the current study evaluated *in vitro* the potential neuroprotection effect of human bone marrow MSCs in a porcine retinal photoreceptor degeneration model and identified some of the paracrine factors secreted in co-cultures of neuroretinas with human stem cells.

Results {#sec2}
=======

Neuroretinal General Morphology, Morphometry, and Nuclei Counts {#sec2.1}
---------------------------------------------------------------

The results of the analyses of the neuroretinal general morphology, morphometry, and nuclei counts are summarized in [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}. Fresh porcine neuroretinal samples had a clearly defined layered retinal structure and adequate cellular preservation before culturing, with perfectly defined photoreceptor outer segments (OSs) and inner segments (ISs) ([Figure 1](#fig1){ref-type="fig"}A). The mean total neuroretinal thickness was 177.24 ± 1.65 μm ([Figure 2](#fig2){ref-type="fig"}A) and the mean number of nuclei/μm^2^ was 124.33 ± 1.53 ([Figure 2](#fig2){ref-type="fig"}B).Figure 1General Morphology of Neuroretinas(A--D) Neuroretinas general morphology before *in vitro* culture (A), after 3 days of culture (B), after co-culture with mesenchymal stem cells from Valladolid (MSCVs) for 3 days (C), and after co-culture with HEK293T cells for 3 days (D). Scale bar, 25 μm.

The general layered structure of the neuroretinas was preserved after 72 h of culture but with extensive photoreceptor degeneration. The OS photoreceptors were primarily absent, and those in the ISs were shorted, compacted, and edematous ([Figure 1](#fig1){ref-type="fig"}B) compared with the fresh controls. The thicknesses of the outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), and ganglion cell layer (GCL) were decreased significantly compared with the fresh neuroretinas ([Figure 2](#fig2){ref-type="fig"}A). The mean total number of nuclei/μm^2^ (88.66 ± 4.04) and the number of nuclei/μm^2^ in the ONL were also lower than in the fresh neuroretina ([Figure 2](#fig2){ref-type="fig"}B).Figure 2Neuroretinal Morphometry(A and B) Comparison of neuroretinal morphometry (A) and nuclei counts (B) in fresh neuroretinas, neuroretinas cultured for 3 days, neuroretinas co-cultured with MSCVs for 3 days, and neuroretinas co-cultured with HEK293T cells for 3 days. NR, neuroretina. ∗p \< 0.05.

The neuroretinas co-cultured with MSCs from Valladolid (MSCVs) for 72 h were better preserved with shortened rod OSs and edematous cone ISs ([Figure 1](#fig1){ref-type="fig"}C). Compared with the fresh neuroretinas, there were no significant differences in the total thickness (183.06 ± 10.89 μm) and the retinal layer thickness ([Figure 2](#fig2){ref-type="fig"}A) or in the total number of nuclei/μm^2^ (125 ± 1) and the number of nuclei/μm^2^/layer ([Figure 2](#fig2){ref-type="fig"}B).

In the neuroretinas co-cultured with HEK293T cells for 72 h, the degenerative neuroretinal modifications were similar to those observed in the neuroretinas after 72 h in the untreated retinal culture. The OS and IS photoreceptors were not differentiated and nuclear layer disorganization was observed ([Figure 1](#fig1){ref-type="fig"}C). The ONL, OPL, INL, and GCL were significantly thinner than the fresh neuroretinas and the neuroretinas co-cultured with MSCVs for 72 h ([Figure 2](#fig2){ref-type="fig"}A). There were fewer total numbers of nuclei/μm^2^ (88.66 ± 4.04) and nuclei/μm^2^ in the ONL compared with the fresh neuroretinas and the neuroretinas co-cultured with MSCVs for 72 h ([Figure 2](#fig2){ref-type="fig"}B).

Immunochemical Characterization {#sec2.2}
-------------------------------

The peanut agglutinin (PNA) lectin marker was used to identify and evaluate the cones ([Figures 3](#fig3){ref-type="fig"}A--3D). PNA is specific for galactosyl-(β-1,3)-*N*-acetylgalactosamine; therefore, PNA lectin binds to the extracellular matrix around the cone OSs.[@bib22] The immunoexpression of PNA lectin in fresh neuroretinas was uniformly distributed in the cone OSs ([Figure 3](#fig3){ref-type="fig"}A). After 72 h of culture, the neuroretinas showed minute expression of PNA lectin with a heterogeneous distribution in the remaining compacted OSs ([Figure 3](#fig3){ref-type="fig"}B). The neuroretinas co-cultured with MSCVs showed shortened cone OSs expressing PNA and slight displacement around the IS region ([Figure 3](#fig3){ref-type="fig"}C). There were no significant (p = 0.872) differences in the PNA lectin immunoexpression between the fresh neuroretinas and those co-cultured with MSCVs ([Figure 4](#fig4){ref-type="fig"}A). Regarding the neuroretinas co-cultured with HEK293T cells, the PNA lectin immunoexpression was similar to the neuroretinas cultured for 72 h corresponding to degenerated cones ([Figure 3](#fig3){ref-type="fig"}D). The results showed significantly (p \< 0.001 for both comparisons) higher PNA lectin immunoexpression when the neuroretinas co-cultured with MSCVs and neuroretinas cultured for 72 h were compared and when the neuroretinas co-cultured with MSCVs and those co-cultured with HEK293T cells were compared ([Figure 4](#fig4){ref-type="fig"}A). To identify and analyze the rods, we studied the immunoexpression of rhodopsin (Rho) protein ([Figures 3](#fig3){ref-type="fig"}E--3H). Rho is synthesized in the rough endoplasmic reticulum, packaged in the Golgi apparatus, transported through the IS cytoplasm to the connecting cilium, and inserted into newly forming membrane discs at the base of the OSs; therefore, Rho immunoexpression is located in the rod outer discs.[@bib18] The immunoexpression of Rho protein in fresh neuroretinas was distributed homogeneously in the rod OSs ([Figure 3](#fig3){ref-type="fig"}E). Almost no Rho protein immunoexpression was seen in the neuroretinas cultured for 72 h, and the distribution was limited to the remaining degenerated rods ([Figure 3](#fig3){ref-type="fig"}F). The results showed maintenance of the Rho immunoexpression in the shortened rods in the neuroretina OSs co-cultured with MSCVs ([Figure 3](#fig3){ref-type="fig"}G). There were no significant (p = 0.697) differences in the Rho protein immunoexpression between fresh neuroretinas and neuroretinas co-cultured with MSCVs ([Figure 4](#fig4){ref-type="fig"}B). The Rho protein immunoexpression in the neuroretinas co-cultured with HEK293T cells was similar to the neuroretinas cultured for 72 h ([Figure 3](#fig3){ref-type="fig"}H). The results showed significantly (p \< 0.001 for both comparisons) higher Rho protein immunoexpression when the neuroretinas co-cultured with MSCVs and neuroretinas after 72 h of culture were compared and when neuroretinas co-cultured with MSCVs and neuroretinas co-cultured with HEK293T cells were compared ([Figure 4](#fig4){ref-type="fig"}B).Figure 3Immunochemical Characterization(A--D) Immunoexpression of the peanut agglutinin (PNA) lectin protein in fresh neuroretinas (A), neuroretinas cultured for 3 days (B), neuroretinas co-cultured with MSCVs for 3 days (C), and neuroretinas co-cultured with HEK293T cells for 3 days (D). (E--H) Immunoexpression of the rhodopsin (Rho) protein in fresh neuroretinas (E), neuroretinas cultured for 3 days (F), neuroretinas co-cultured with MSCVs for 3 days (G), and neuroretinas co-cultured with HEK293T cells for 3 days (H). (I--L) Immunoexpression of protein kinase Cα (PKCα) in fresh neuroretinas (I), neuroretinas cultured for 3 days (J), neuroretinas co-cultured with MSCVs for 3 days (K), and neuroretinas co-cultured with HEK293T cells for 3 days (L). (M--P) Immunoexpression of the of glial fibrillary acidic protein (GFAP) in fresh neuroretinas (M), neuroretinas cultured for 3 days (N), neuroretinas co-cultured with MSCVs for 3 days (O), and neuroretinas co-cultured with HEK293T cells for 3 days (P). Scale bars, 25 μm.Figure 4Semiquantitative Immunohistochemical Analysis(A--D) Immunoexpression of the PNA lectin protein (A), Rho protein (B), PKCα (C), and GFAP (D). ∗p \< 0.05. A.U., arbitrary units; NR, neuroretina.

To analyze the morphology of the rod bipolar cells, the immunoexpression of protein kinase Cα (PKCα) protein was determined ([Figures 3](#fig3){ref-type="fig"}I--3L). PKCα modulates rod bipolar cell function by accelerating the glutamate-driven signal transduction and termination.[@bib19] The PKCα immunoexpression in the fresh neuroretinas was uniformly distributed along with the cytoplasm of the bipolar cells through the INL and inner plexiform layer (IPL), and the immunofluorescence was more intense in their terminal buttons ([Figure 3](#fig3){ref-type="fig"}I). Reduced PKCα protein immunoexpression with heterogeneous distribution in the rod bipolar cells ([Figure 3](#fig3){ref-type="fig"}J) was seen in the neuroretinas mono-cultured for 72 h; in the neuroretinas co-cultured with MSCVs for 72 h, the PKCα protein showed similar immunoexpression to that in fresh neuroretinas but with reduced fluorescence intensity at their terminal buttons ([Figure 3](#fig3){ref-type="fig"}K). No significant (p = 0.762) differences were seen in the PKCα protein immunoexpression between the fresh neuroretinas and neuroretinas co-cultured with MSCVs ([Figure 4](#fig4){ref-type="fig"}C). In the neuroretinas co-cultured with the HEK293T cells, the PKCα immunoexpression was close to that of the neuroretinas cultured for 72 h ([Figure 3](#fig3){ref-type="fig"}L). The results showed significantly (p = 0.003 and p = 0.002, respectively) and higher PKCα protein immunoexpression between the neuroretinas co-cultured with MSCVs and neuroretinas after 72 h of culture and between the neuroretinas co-cultured with MSCVs and neuroretinas co-cultured with HEK293T cells ([Figure 4](#fig4){ref-type="fig"}C).

To analyze the gliosis and retinal degeneration, the immunoexpression of glial fibrillary acidic protein (GFAP) was studied ([Figures 3](#fig3){ref-type="fig"}M--3P). Gliosis is an indicator of glial cell activation that is analyzed by GFAP immunoreaction. GFAP is expressed in glial cells in response to retinal degeneration.[@bib20] In the fresh neuroretinas, the GFAP immunoexpression was restricted to the retinal ganglion layer (RGL) and nerve fiber layer (NFL) ([Figure 3](#fig3){ref-type="fig"}M). The GFAP immunoexpression in the mono-cultured neuroretinas showed invasion of the cytoplasm of the glial cells to the INL and even the ONL ([Figure 3](#fig3){ref-type="fig"}N). GFAP immunoexpression distributed throughout the RGL and in the IPL ([Figure 3](#fig3){ref-type="fig"}O) was seen in neuroretinas co-cultured with MSCVs. In the neuroretinas co-cultured with HEK293T cells, the immunoexpression of GFAP extended to the outermost INL regions without reaching the ONL ([Figure 3](#fig3){ref-type="fig"}P). All of the comparisons reached significance ([Figure 4](#fig4){ref-type="fig"}D).

MSC Surface Marker Evaluation {#sec2.3}
-----------------------------

MSC viability was greater than 95% in all experimental conditions. MSC cultures were confluent before co-culturing with the porcine neuroretinal explants. The results of the surface marker evaluation showed that mono-cultured and co-cultured MSCVs were positive for CD44, CD90, STRO1, and CD146 and negative for the CD14 and CD16 cell surface markers ([Figure 5](#fig5){ref-type="fig"}).Figure 5Mesenchymal Stem Cell (MSC) Surface Marker Evaluation(A--L) MSC surface markers after 3 days of culture (A, CD14; B, CD19; C, CD44; D, CD90; E, CD146; F, STRO-1) and after co-culture with neuroretina explants for 3 days (G, CD14; H, CD19; I, CD44; J, CD90; K, CD146; L, STRO-1). Scale bar, 25 μm.

Analysis of the Protein Profile {#sec2.4}
-------------------------------

To identify possible paracrine factors secreted by MSCVs that may be implicated in slowing retinal neurodegeneration, the differential profiles of secreted proteins by MSCVs in the presence and absence of retinas in neurodegeneration were analyzed. The results showed statistically significant differences in the relative protein abundance profile of 653 proteins, of which 152 proteins were higher in the mono-cultured MSCVs than in the MSCVs co-cultured with neuroretinas, and 501 proteins were higher in MSCVs co-cultured with neuroretinas than those cultured alone ([Table 1](#tbl1){ref-type="table"}; [Table S1](#mmc1){ref-type="supplementary-material"}). These proteins were involved in inflammation, immunity, death, cellular survival, stress, cellular oxidation, collagen metabolism, lipid metabolism, calcium metabolism, retinol metabolism, and angiogenesis processes. [Table 2](#tbl2){ref-type="table"} summarizes the more relevant proteins with expression levels that were significantly higher in the MSCVs co-cultured with neuroretinas than in the mono-cultured MSCVs.Table 1Primary Antibodies Used and Their Experimental ConditionsMolecular MarkerOriginSourceSample ProcessingDilutionTime (h)Temp.**Human Bone Marrow Mesenchymal Stem Cells**Cluster of differentiation present on B lymphocytes (CD19)monoclonal mouseMillipore, \#SCR067methanol fixed1:500124°CCluster of differentiation present on leukocytes (CD14)monoclonal mouseMillipore, \#SCR067methanol fixed1:500124°CHoming cell adhesion molecule (H-CAM or CD44)monoclonal mouseMillipore, \#SCR067methanol fixed1:500124°CMelanoma cell adhesion molecule (M-CAM or CD146)monoclonal mouseMillipore, \#SCR067methanol fixed1:500124°CStromal precursor antigen-1 (STRO-1)monoclonal mouseMillipore, \#SCR067methanol fixed1:500124°CThy-1 cell surface antigen (THY-1 or CD90)monoclonal mouseMillipore, \#SCR067methanol fixed1:500124°C**Neuroretinal Explants**Glial fibrillary acidic protein (GFAP)polyclonal rabbitDako, \#n1506paraffin1:2501RTPeanut agglutinin (PNA) lectinarachis hypogaeaMolecular Probes, \#L-21458cryosectioned1:1001RTProtein kinase Cα (PKCα) isoformpolyclonal rabbitSanta Cruz Biotechnology,\
\#SC-108000paraffin1:10012RTRhodopsin (Rho)polyclonal rabbitChemicon-Millipore, \#AB9279paraffin1:100124°C[^1]Table 2Relevant Proteins with Significantly Higher Expression in Human Bone Marrow MSCs Co-cultured with Neuroretinas Compared with Mono-Cultured Bone Marrow MSCsInflammation/ImmunityIL-1F5IL-1F7IL-1F8IL-1R4IL-1raIL-2RαIL-2RγIL-3IL-3RαIL-4RIL-5IL-6RIL-7IL-8IL-10IL-10RαIL-10RβIL-11IL-12 p40IL-12 p70IL-12Rβ2IL-13IL-15RαIL-16IL-17BIL-17BRIL-17CIL-17DIL-17EIL-18 BPaIL-18RαIL-18RβIL-19IL-20IL-20RαIL-20RβIL-21IL-22IL-22 BPIL-23RIL-24IL-26IL-27IL-29IL-31haptoglobinCXCR6TNFRSF17CD14CD30LCD40LIL-8RBCXCR3CXCR4 (fusin)DcR3HCRCD46CD55CD61CD71CD74CD79αCD90CD97CD200IGF-IIICAM-2ICAM-3ICAM-5IFN-αIFN-βGLO-1HVEMI-TACLECT2MCP-1MCP-2MCP-3L-selectinTNFRSF3MIP-1bMIP 2MIP-3βMICARANTESOX40LPARCpentraxin 3PF4P-selectinTNFRSF19LTNFRSF13BthymopoietinTLR2TLR3TLR4TRAILTRAIL R1TRAILR4ADAMTS-1ADAMTS-19ADAMTS-4AMICABLAMECFHR2CHI3L1chymaseDPPIVFAPFc RIIB/Cfibrinopeptide Aficolin 3FOXP3furinGATA-3IL-33IL-34IL36RNItkLAG-3legumainLOX-1LTFMATKMBLMICBmidkineNotch-1OX40pappalysin-1PD-1PYK2TecTIM-1adiponectinhepassocinTIMP-1ALCAMEpCAMOSMIGF-ICskSmad4Ckβ8-1ghrelinCOX2leptin RTHFSF3TCCR/WSX-1C3aDeath and Cell Survival**Pro-apoptosisCell SurvivalPro-apoptosis/Cell SurvivalAutophagy**PPP2R5CRIP1HSP10clusterinCCR4CD27/TNFRSF7FOXO1FAM3BSMACHSP20MINAHGFmerPI3K p85βBAXTOPORSHSP27NAIPNOV/CCN3LivinBIKTGF-β1HSP60NELL2SCFR/CD117IFN-αcaspase-3TGF-β5HSP70PAK7WISP-1/CCN4IFN-βcaspase-8FAKHSP90PIM2BNIP2LRP-1IGFBP-3FRKHSPA8PTNsurvivinlipocalin-2protein p65galectin-1ROS**Cellular/Oxidative StressRetinol Metabolism**haptoglobinAPEX-1VDUP-1RBP4Collagen MetabolismMMP-8MMP-11NCAM-1MMP-1MMP-2MMP-7MMP-9MMP-10MMP-12MMP-13MMP-14MMP-15MMP-16MMP-19pro-MMP-7pro-MMP-9pro-MMP-13Lipid MetabolismApoA1ApoA2SERTAD2BMPR-IIBMPR-IAApoA4ApoC2ApoDApoEApoE3FABP1FABP4resistinvitronectinLRP-1AngiogenesisangiostatinendothelinVEGFR2angiopoietin-2angiopoietin-4angiopoietin-like 2NF1angiopoietin-like 1FGFR2NeuroprotectionDLL4nestinNPTX1NPTXRPEDFBDNFAR (amphiregulin)CRIM1GFRα-4glypican 3glypican 5NGFNrCAMneuritinthrombospondin 4TMEFF2CNTN1IGF2BP1ITM2BPro-BDNFRECKROR1TPAchordin-like1PDGF-AAPDGF-CPDGF-DerythropoietinNT-3FGFCalcium MetabolismApoA1SERTAD2ALK-3ApoC1ApoDApoE3FABP4vitronectinApoA2BMPR-IIApoA4ApoC2ApoEFABP1resistin

Discussion {#sec3}
==========

Many neurodegenerative retinal diseases are characterized by photoreceptor degeneration.[@bib1] Despite the impact on daily life and social and economic consequences, there is no cure for these diseases, and cell therapy based on the paracrine properties of stem cells may be a therapeutic option.[@bib1]^,^[@bib3]^,^[@bib4] Our previous experiments showed the biocompatibility of intravitreal injection of human MSCs and that they can improve the survival and maintenance of RGCs through paracrine neuroprotective potential.[@bib11]^,^[@bib17]We hypothesized that the paracrine effect of the human bone marrow stem cells may slow photoreceptor neurodegeneration. Therefore, the current study evaluated *in vitro* the neuroprotective potential of the MSC secretome over retinal photoreceptors using an *ex vivo* model of spontaneous neuroretinal degeneration. This is the first study analyzing the MSC secretome under experimental neuroretina degeneration, as this condition seems crucial since the extracellular environment would influence the secretome composition and, thus, induce its neuroprotective effect.

Organ retinal explant cultures are useful for studying neurodegeneration and neuroprotection processes because they bridge the gap between cell cultures and animal models. Organ retinal explant cultures also replicate, with *in vitro* limitations, the cellular changes that occur in the retina *in vivo*. The principal limitations of organ retinal explant cultures are the axotomy of the RGCs and the absence of a blood supply and retinal pigment epithelium. Despite these limitations, organ retinal explant cultures are an excellent resource to study retinal neurodegeneration.[@bib21]^,^[@bib23] In the current study, neuroretinal explants were cultured over porous cell culture membranes that prevented the cells from migrating and integrating into the retinal tissue. We performed the study using stem cells and non-stem cells (HEK293T cells) as a negative control of neuroprotection with the objective to demonstrate that only stem cells (through their paracrine properties) show a neuroprotective effect over degenerating neuroretina.

Neuroretinas co-cultured with MSCVs for 72 h had better preserved structural organization than did mono-cultured neuroretinas. The glial response showed that GFAP expression was lower in neuroretinas co-cultured with MSCVs than in mono-cultured neuroretinas. GFAP is expressed in the astrocytes and Müller cells and is associated with glial activation as a consequence of the neurodegenerative process.[@bib20]^,^[@bib24] Our findings suggested that MSCV paracrine properties have a neuroprotective effect in neuroretina against degeneration, results that are in complete agreement with previous reports.[@bib11]^,^[@bib25]^,^[@bib26] Those studies focused on the evaluation of RGCs or the neuroprotective properties of the human neural progenitor cells (hNPCs); therefore, to the best of our knowledge, this is the first study to evaluate the neuroprotective potential of human bone marrow MSCs over the retinal photoreceptor layer. Our results showed that the immunoexpression levels of PNA lectin, Rho, and PKCα proteins were similar in the neuroretinas co-cultured with MSCVs for 72 h and in the fresh neuroretinas, which may have resulted from the MSCV neuroprotective effect over cones, rods, and rod bipolar cells. These results agreed with those reported previously in organ retinal explant cultures, which determined that hNPCs slow the spontaneous photoreceptor degenerative process.[@bib25]^,^[@bib26] hNPCs are a type of embryonic stem cell associated with ethical and political controversies. Human MSCs could be the best option for cell therapy strategies because their use does not present ethical problems and they are immunoprivileged[@bib14] or immune evasive.[@bib15]^,^[@bib16] Thus, allogeneic transplantation of human bone marrow MSCs has the critical advantage of not requiring host immunosuppression,[@bib14] and retinal neuroprotection via MSC paracrine effects is currently viable.[@bib11]^,^[@bib12]

Stem cell therapy for retinal neurodegeneration could be based on paracrine stem cell properties.[@bib1]^,^[@bib3]^,^[@bib4] Our results showed that retinal neurodegeneration did not modify the MSC phenotype;[@bib27] therefore, during the 72 h of the experiment, the MSCVs could have been secreting paracrine factors that induce a neuroprotective effect over the photoreceptor cells. In this scenario, we performed the analysis of the bone marrow MSC protein profile on the basis that the secretome may be different depending on the extracellular environment. Therefore, we evaluated the protein profile secreted by MSCs in a "neurodegenerative condition" (neuroretinal explants cocultured with MSCs), and we also studied the secretome of MSC cultures alone, which allowed us to compare the protein profile secreted by the stem cells "per se" and under neuroretinal degeneration. The complete analysis of the secretome showed that 501 proteins display a higher expression levels in the MSCVs co-cultured with neuroretinas than in the mono-cultured MSCVs. These presented proteins are coming from two possible sources, i.e., secretion by the degenerating neuroretinas or by the MSCVs cultured with the neuroretinas. An inflammatory response, oxidative stress, and activation of apoptotic pathways are common features in the retinal neurodegenerative processes;[@bib1] therefore, the origin of the proteins implicated in these pathways could be retinal neurodegeneration. However, the secreted proteins by MSCVs may be involved in retinal neuroprotection. Previously, it has been described that several proteins such as glial-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF), platelet-derived growth factor (PDGF), and ciliary neurotrophic factor (CNTF) were implicated in retinal neuroprotection by the paracrine effects of human bone marrow MSC,[@bib11]^,^[@bib28] which are confirmed with the current results. Other proteins such as erythropoietin, Dll4, insulin growth factor (IGF), nerve growth factor (NGF), fibroblast growth factor (FGF), or pigment epithelium-derived factor (PEDF) also have been associated with retinal neuroprotection;[@bib10]^,^[@bib29], [@bib30], [@bib31] however, to the best of our knowledge, this is the first report of photoreceptor neuroprotection mediated by these paracrine factors of human bone marrow MSCs. Our results also showed higher expression levels of neuroprotective proteins such as Crim1, Glupican3, Cntn1, or Tmeff2; thus, this is the first time that they were associated with the retinal neuroprotection mediated by human bone marrow MSCs. Retinal degeneration leads to protein misfolding, so understanding the mechanisms that maintain and re-establish retinal protein homeostasis is crucial for developing new therapeutic approaches.[@bib18] The neuroretinal cells have evolved many mechanisms to cope with misfolded proteins, including the heat shock response, the unfolded protein response, and autophagy. These mechanisms, referred to as proteostasis (protein homeostasis), generate and maintain correctly folded proteins and remove misfolded proteins to maintain the normal cellular function.[@bib18]^,^[@bib32] Our results showed higher levels of Hsp10, Hsp20, Hsp27, Hsp60, Hsp70, clusterin, Kctd10, and Pyk2 proteins in the neuroretinas co-cultured with MSCVs, which are implicated in proteostasis via heat shock protein and unfolded protein responses.[@bib33]^,^[@bib34] Thus, the co-culturing of neuroretinas with MSCVs may activate the mechanisms of protein homeostasis to fight the neurodegenerative process. Finally, the results also showed the expression of proteins with antioxidant activity (haptoglobin[@bib35]), anti-apoptotic role (Apex1),[@bib36] and with anti-inflammatory activity (transforming growth factor-β and interleukins 10, 11, 13, and 4),[@bib37] which may slow retinal neurodegeneration. Several potential risks are associated with stem cell-based therapies, such as engraftment at an ectopic location, inappropriate differentiation, or aggregate formation.[@bib38] Therefore, knowing the MSC secretome with retinal neuroprotective properties may be crucial for developing cell-free compositions that allow use of a safe alternative to stem cell transplantation and avoid the potential risks. Besides, handling and storage of compositions based in the MSC secretome present important advantages over living cells in clinical practice.[@bib39]

In summary, this study showed that human bone marrow MSCs favor preservation of the neuroretinal general structure and organization, reduce reactive gliosis, and preserve retinal neurons, mainly photoreceptors, from degeneration via secretion of proteins involved in the neuroprotective processes. These results are in line with those reported previously by our group; we determined that MSCs can improve the survival and maintenance of RGCs through the paracrine neuroprotective potential of the MSCs.[@bib11] The current results reinforced the hypothesis that the paracrine effect of the human bone marrow MSCs preserves the general retinal structure and organization by the secretion of proteins involved in neuroprotective processes. Therefore, *in vitro* evidence showed that a MSC secretome may be a therapeutic option in the treatment of retinal degenerative diseases.

Materials and Methods {#sec4}
=====================

Cell Culture and Culture Conditions {#sec4.1}
-----------------------------------

Human bone marrow MSCs from different healthy adult donors were provided by Citospin (MSCVs, Valladolid, Spain) after characterization, as reported previously.[@bib40], [@bib41], [@bib42] In brief, MSCVs are positive for the mesenchymal stem cell antigens (CD105, CD90, CD73, and CD166), established by the International Society for Cell Therapy (ISCT), and negative for specific markers of hematopoietic cells (CD14, CD34, CD45, and histocompatibility leukocyte antigen \[HLA\]-DR). MSCVs are produced under good manufacturing practice (GMP) regulations and have been approved by the Spanish Drug Agency (AEMPS) for several clinical trials of ophthalmology (European Union Drug Regulating Authorities Clinical Trials Database \[EudraCT\]: 2011-005321-51 and 2016-003029-40). Fresh MSCVs were provided in a vial containing 1 × 10 cells/mL. HEK293T cells, generously donated by Prof. González-Sarmiento from the University of Salamanca (Spain), were used as negative control of neuroprotection.[@bib28] A trypan blue assay (Sigma-Aldrich, St. Louis, MO, USA) was used to determine cell viability and cell counts (TC20 automated cell counter; Bio-Rad, Hercules, CA, USA). The cells were seeded on the bottom of Transwell 24-mm-diameter culture plates (Corning Life Sciences, Corning, NY) in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, Invitrogen, Paisley, UK), 1% antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin) (Gibco, Invitrogen), and 1% [l]{.smallcaps}-glutamine (Sigma-Aldrich, St. Louis, MO, USA). We seeded 30,000 cells/well of MSCs, as previously reported by our group,[@bib11]^,^[@bib21] and 10,000 cells/well of HEK923T cells. The cells were cultured at 37°C in a 5% CO~2~ atmosphere for 72 h until confluence, for subsequent co-culturing with neuroretinal explants.

Central Neuroretinal Explant Preparation and Culture {#sec4.2}
----------------------------------------------------

Nine fresh porcine eyes from animals aged 6--8 months were obtained from a local slaughterhouse. Neuroretinal explants (n = 32) were obtained less than 2 h after enucleation, as previously described.[@bib11]^,^[@bib21] Briefly, the eyes were dissected and the porcine area centralis (cone-enriched visual streak without blood vessels) was identified. Four adjacent explants from the area centralis were obtained from each eye. The neuroretinal explants were laid over Transwell membranes 24 mm in diameter with a 0.4-μm pore polycarbonate membrane insert (Corning Life Sciences) with the photoreceptor layer facing the membrane. The explants were cultured alone or with MSCVs or with HEK293T cells in the same culture well but physically separated by the Transwell porous membrane, which prevented cellular migration and integration into the neuroretinal tissue. The co-cultures were maintained in DMEM/Neurobasal A medium (1:1) (Gibco) supplemented with 10% fetal bovine serum, 1% antibiotics, 2% B-27, and 1% [l]{.smallcaps}-glutamine under standard culture conditions for 72 h. Contact between the culture medium (1.5 mL, as suggested by the manufacturer) and the support membrane beneath the explants was maintained by changing the culture medium with freshly prepared medium. The medium was entirely changed daily and stored at −80°C for secretome analysis. Furthermore, neuroretinal explants were obtained and processed in parallel before culturing (fresh neuroretinas).

Five experimental conditions were evaluated for a total of 45 experiments as follows: mono-cultured MSCVs (n = 9), mono-cultured neuroretinal explants (n = 9), neuroretinal explants co-cultured with MSCVs (n = 9), neuroretinal explants co-cultured with HEK293T cells (n = 9), and fresh neuroretinas (n = 9).

Neuroretinal Histologic and Immunochemical Characterization {#sec4.3}
-----------------------------------------------------------

Fresh or cultured neuroretinal explants were fixed with 4% paraformaldehyde (Panreac Quimica, Barcelona, Spain) in phosphate-buffered saline (PBS) for 2 h at 4°C, and each explant was cut in half. Half of the samples were embedded in paraffin (Paraplast Plus, Leica Biosystems, Nussloch, Germany) using an automatic tissue processor (ASP300, Leica Microsystems, Wetzlar, Germany), and 4-μm sections were obtained with a rotatory microtome (RM2145, Leica Microsystems). The other halves of the samples were subjected to sucrose (Panreac Quimica cryoprotection, embedded in Tissue-Tek OCT compound (Sakura Finetek Europe, Alphen, the Netherlands), and cut into 12-μm sections on a cryostat (CM1900, Leica Microsystems).

Paraffin-embedded sections were deparaffinized in xylene (Sigma-Aldrich) and rehydrated in decreasing ethanol concentrations. The sections then were stained with hematoxylin and eosin (Sigma-Aldrich) or processed for immunochemistry by incubating with 0.01% trypsin for 1 h and blocking in PBS with 5% goat serum for 2 h at room temperature. Frozen neuroretinal sections processed for immunochemistry were thawed, washed in water, and blocked in PBS with 5% goat serum and 0.1% Triton X-100 (Sigma-Aldrich) for 2 h at room temperature. The primary antibodies used and their conditions are summarized in [Table 1](#tbl1){ref-type="table"}. The corresponding species-specific secondary antibodies conjugated to Alexa Fluor 568 (red) (1:200, Molecular Probes) were then applied. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (10 μg/mL, Molecular Probes). Finally, the samples were mounted in fluorescent mounting medium (Dako, Glostrup, Denmark) and coverslipped. Fluorescence images were captured with a Leica TCS SP5 DMI-6000B confocal microscope (Leica Microsystems) and analyzed with Leica LAS AF software. The final processing and composition of the figures were performed with Pixelmator 3.8.2 Phoenix (Pixelmator Team, Vilnius, Lithuania).

Semiquantitative immunohistochemical analysis was performed using ImageJ software (version 1.49, National Institutes of Health, Bethesda, MD, USA) on ×20 fluorescence images from non-serial neuroretinal sections (n = 5 sections per sample). Comparative analyses of images acquired at the same levels of exposure, intensity, and gain were performed. Two-channel micrographs were analyzed as previously described,[@bib43] and the micrographs were then split into different channels and each channel thresholder. The background in the red channel (corresponding to the protein of interest) was subtracted by using a threshold value obtained from negative controls. The same value was used for all images from a single experiment analyzed in a single session. The threshold for the blue channel, corresponding to the area of nuclei, was set according to the area stained. Mean gray value was measured by redirecting the measurement to the corresponding channel. The results, in arbitrary units (a.u.), were the ratio of the mean gray value for the red channel.

Neuroretinal Morphometry and Cell Counts {#sec4.4}
----------------------------------------

Neuroretinal parenchyma was analyzed by measuring the total thickness between the outer limiting membrane and the inner limiting membrane. The thicknesses of the ONL, OPL, INL, IPL, and GCL, including the NFL, were also measured. Measurements were performed using ImageJ software (version 1.49, National Institutes of Health, Bethesda, MD, USA) on ×20 images from non-serial hematoxylin-stained neuroretinal sections (n = 5 sections/sample). DAPI-stained nuclei were quantified automatically by the ImageJ software and the plugin RetFM-J.IS.[@bib44] A masked researcher performed all neuroretinal thickness measurements and nucleus quantifications in triplicate.

MSC Immunochemical Characterization {#sec4.5}
-----------------------------------

The MSCVs were fixed on the bottom of the Transwell culture plates with ice-cold methanol (Panreac Quimica) for 15 min at 4°C and then immunostained with a human MSC characterization kit (Millipore, Billerica, MA, USA). Primary antibodies ([Table 1](#tbl1){ref-type="table"}) were applied overnight in a ratio of 1:500 at 4°C. The corresponding species-specific secondary antibody conjugated to Alexa Fluor 488 (green, 1:200; Molecular Probes, Eugene, OR, USA) was applied for 2 h at room temperature. The nuclei were stained with DAPI (10 μg/mL). Finally, samples were mounted in fluorescent mounting medium (Dako, Demark) and coverslipped. Fluorescence images were captured with a Leica TCS SP5 DMI-6000B confocal microscope and were analyzed with Leica LAS AF software. The final processing and composition of the figures were performed with Pixelmator 3.8.2 Phoenix.

Protein Microarray Assay {#sec4.6}
------------------------

For the protein profile analysis, collected culture media from stem cells cultured alone and from stem cells co-cultured with neuroretina were pooled to study the overall protein content over the entire experimental period. A human antibody array (RayBiotech, Peachtree Corners, GA, USA) was used according to the manufacturer's guidelines to simultaneously detect the relative expression of 1,000 human proteins in cell culture supernatants. The protein concentration of each supernatant was determined in the range of 7--8 μg/mL using a BCA (bicinchoninic acid) protein assay (Pierce BCA protein assay kit, catalog no. 23227, Sigma-Aldrich, St. Louis, MO, USA). All samples were dialyzed against 1× PBS (pH 8.0) (as a dialysis buffer). Ten micrograms of each sample was then biotinylated according to the manufacturer's instructions. The biotinylation was evaluated in all samples using a Pierce biotin quantitation kit to ensure equal conditions for all samples. The antibody arrays were blocked at 4°C with RayBiotech blocking buffer 1×. All biotinylated samples were the incubated in the same comparable conditions as previously described by Díez et al.[@bib45] After incubation, all of the arrays were incubated with RayBiotech horseradish peroxidase (HRP)-streptavidin 1×. The array images were acquired using a ChemiDoc MD (Bio-Rad, CA, USA) as a conventional western blot procedure at the optimized exposition. Semiquantitative data analysis was performed according to the RayBio analysis tool guidelines.[@bib46], [@bib47], [@bib48] All experimental conditions were performed in triplicate.

Data Acquisition and Statistical Analysis {#sec4.7}
-----------------------------------------

All data were collected in an Excel database (Microsoft Office Excel, 2016, Microsoft, Redmond, WA, USA). SPSS (version 24.0, SPSS, Chicago, IL, USA) was used for statistical analyses. After confirming the data homogeneity of variance and normal distribution, we performed analysis of variance followed by pairwise comparisons (Bonferroni test). For non-parametric variables, the group means were compared using the Mann-Whitney U test (two groups) or the Kruskal-Wallis test (more than two groups). Differences were considered significant at p \< 0.05.
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[^1]: Temp., temperature; RT, room temperature.
